Chromosomal DNA from 23 closely related, pathogenic strains of Escherichia coZi was digested and probed for the insertion sequences ISI, IS2, IS4, IS5, and IS30 Under the assumption that elements residing in DNA restriction fragments of the same apparent length are identical by descent, parsimony analysis of these characters yielded a unique phylogenetic tree. This analysis not only distinguished among bacterial strains that were otherwise identical in their biochemical characteristics and enzyme electrophoretic mobilities, but certain aspects of the topology of the tree were consistent across several unrelated insertion elements. The distribution of IS elements was then reexamined in light of the inferred phylogenetic relationships to investigate the biological properties of the elements, such as rates of insertion and deletion, and to discover apparent recombinational events. The analysis shows that the pattern of distribution of insertion elements in the bacterial genome is sufficiently stable for epidemiological studies. Although the rate of recombination by conjugation has been postulated to be low, at least two such events appear to have taken place.
Introduction
Insertion sequences (IS) are highly mobile segments of DNA present in the bacterial genome that exhibit the ability to transpose to other sites in the genome or into plasmids, where they may be transferred to other organisms (Calos and Miller 1980) . IS are typically l-2 kb in length, with a central region coding for a transposase and flanked by inverted repeats.
It has been theorized that the rates of change of transposon positions and numbers are far faster than the rates of sequence change in conventional genes, such as those determining serotype, outer-membrane proteins, and enzyme electrophoretic mobility (Green et al. 1984) . The number and position of insertion elements around the bacterial chromosome can be affected by numerous factors. Additional elements can be gained by transposition, and existing elements may be lost from a particular site by deletion. Other processes include recombination by conjugation or transduction, transformation, and plasmid transfer.
A survey of the ECOR reference collection (Ochman and Selander 1984b ) of highly variable natural isolates of E. coli showed great variation in the distribution and abundance of six IS (Sawyer et al. 1987) . In that study, the distribution of the IS was not useful in determining phylogenetic relationships since the IS elements varied too greatly in number and genomic locations to allow determination of shared sites. However, it is possible that the high mobility of IS elements could be used to distinguish strains that, on the basis of standard biochemical and enzymatic assays, are very similar or identical.
Bacterial reproduction by fission would lead to a clonal population structure if gene exchange were infrequent. While bacterial populations display a high degree of interpopulational phenotypic variation, these differences are notably stable. A clonal model of population structure has been proposed to account for the stability of rare serotypes (Orskov et al. 1976) . Disequilibrium among genes for enzyme electrotypes (Selander and Levin 1980; Caugant et al. 198 1) has provided further evidence that recombination among pathogenic strains is relatively infrequent.
From an analysis of 142 pathogenic strains of E. coli characterized with respect to outer-membrane protein pattern, serotype, and enzyme electrotypes (Ochman and Selander 1984a ), a number of clonal groups of strains were identified. Several clonal groups consisted of more than 20 strains independently isolated from various locations around the world. One of these groups was chosen for the experiments reported here, to test the hypothesis that the variation in numbers and positions of IS within a clonal group could be used to determine the phylogenetic relationships of the strains.
To construct such a phylogeny, one must assume that elements residing at the same location in the genome are identical by descent. The locations are determined by digesting the bacterial chromosome with DNA restriction enzymes to obtain fragments containing, at most, one copy of any IS element. Although the assumption of identity by descent ignores the known possibility of insertional hot spots, as occasionally observed in phages and plasmids (Caspers et al. 1984; Zerbib et al. 1985; Gamas et al. 1987) , the number of possible sites for transposition in a bacterial chromosome is large enough that random insertion of two elements into the same restriction fragment would be rare. The restriction fragments are separated by electrophoresis, and the elements are visualized by Southern blot analysis. Sequences of the same apparent length containing an insertion element are scored as characters identical by descent. These data are then analyzed by standard parsimony algorithms, determining the phylogenetic tree requiring the least number of steps.
The topology and branch lengths of the phylogenetic tree can be used to draw inferences about various properties of the insertion elements, such as the rate and regulation of transposition. Apparent recombinational events resulting from conjugation could be detected by noting areas of many, apparently convergent, transpositions against the normal background of confounding data. Last, a comparison of the phylogeny with respect to the geographic location of the strains sheds light on the rate of bacterial migration.
Material and Methods Strains
The 23 experimental strains ( l-6, 8-11, 13-19, and 2 l-26) and four reference strains (36, 78, 19 1, and 2 12) of E. coli have been described elsewhere (Achtman et al. 1983 ) and were provided by R. Selander. This group was chosen for study on the basis of its high abundance of known IS, as determined by DNA dot blots. All experimental strains were in the 01 :Kl serogroup and were identical with respect to tested enzyme polymorphisms and outer-membrane protein pattern, with one notable ex-ception, strain 22. Although strain 22 possessed a different enzymatic haplotype, it was included in the study because of the many biotypic and uncommon electrophoretic alleles (AK, MDH, MPI, and PE2) it shares with the chosen group, compared with the reference strains (Ochman and Selander 1984a) . Strain 1, although seemingly identical biochemically, is not a contemporary isolate but rather a laboratory strain isolated at an unknown date near the turn of the century (H. Ochman, personal communication) . All other strains were isolated during the 197Os, except strain 3, which was isolated in 1948.
Electrophoresis
Chromosomal and plasmid DNA were isolated as described elsewhere (Sawyer et al. 1987) . Chromosomal DNA was digested with the restriction endonucleases EC&I and Sal1 in a buffer of 100 mM tris(hydroxymethyl)aminomethane, 150 mM NaCl, 10 mM MgC12, pH 7.5. The chosen enzymes did not cut within the sequences to be probed. Fragments were electrophoresed at 20 V for 96 h on a 30-cm, 0.7% agarose gel in circulated, periodically refreshed t&acetate buffer. DNA from all strains was electrophoresed on the same gel to enable rigorous fragment size comparison. By means of the technique of Southern (1975) , the DNA was transferred onto HYBOND@ nylon filters and was cross-linked by exposure to 302-nm UV light for 3-5 min. Lane order was based on data taken from Southern blots of gels run under conventional conditions.
Restriction-Fragment Analysis
Probes were prepared from internal fragments of the E. coli insertion elements ISI, IS2, IS4, IS5, and IS30, as described elsewhere (Sawyer et al. 1987) . They were labeled to high specific activity by the procedure of Feinberg and Vogelstein ( 1983) and hybridized overnight at 65 C under a moderately stringent (0.7 M) sodium ion concentration. Fragments of the same apparent size in different strains were recorded as shared character traits. The filters were stripped of hybridized probe for a.60 min at 45 C with a 0.4 M NaOH solution prior to each subsequent hybridization. Since the procedure for isolation of chromosomal DNA does not eliminate plasmid DNA, these sites were controlled by electrophoresing chromosomal and plasmid DNA on adjacent lanes of gels run under more conventional electrophoresis conditions. There were two plasmid-borne IS-bearing fragments, which were not included in the analysis.
Computer Analysis
The characters were analyzed using a PC version of PAUP (phylogenetic analysis using parsimony) version 2.4, written by #David Swofford. Parsimony is a method of constructing phylogenetic trees that attempts to find the tree with the least evolutionary steps required to generate the final topology (see Felsenstein 1983) . The algorithm assumed a hypothetical ancestor containing none of the character traits and ran under the ACCTRAN and MULPARS optimization parameters. The ACCTRAN parameter gave preferential weight to element deletion rather than to parallel gain, an assumption based on the very low probability of transposition into identical sites. Though not a mathematical weighting, this procedure altered character-state distributions, branch lengths, and other such parameters. The MULPARS option forced the program to search extensively for the most parsimonious tree by way of a modified branch-and-bound algorithm.
A confidence interval was derived by bootstrapping the data by using a method similar to that of Felsenstein (1985) , relaxing the strict-monophyly stipulation for the identification of groups by including occasional absences of a strain-or substitution of a foreign strain, if the group included more than five members.
Protein Analysis
Cells from selected strains ( 1,2,6, 16,22, and 24) were grown in the appropriate media, then lysed by sonication in a buffer of 10 mM tris(hydroxymethyl)aminomethane, 10 mM MgC12, pH 8.0. Strains were chosen to represent the major clades seen in the PAW-generated topology. Protein electrophoresis was conducted with the cell lysates on cellulose acetate strips at 300 V in a tris-barbital buffer, pH 8.8, by using the Gelman apparatus. The enzymes were stained using standard techniques (Shaw and Prasad 1970; Selander et al. 1986 ), except all reactions were run at pH 7.0 for the visualization on cellulose acetate, substituting NBT (nitroblue tetrazolium) for MTT [3-(4,5-Dimethylthiaolyl-2)-2,5-diphenyltetrazolium bromide] where appropriate. The following enzymes were assayed: aconitase (ACO), adenylate kinase (ADK), alcohol dehydrogenase (ADH), alkaline phosphatase (AP), glucose-6-phosphate dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase (6PGD), malate dehydrogenase (MDH), and mannose phosphate isomerase (MPI).
Results

Southern Blotting
The conditions of electrophoresis afforded a good separation of bands and the subsequent identification of a large number of characters, as evident from the autoradiograms presented in figure 1. It is apparent that, while the strains may be indistinguishable by conventional methods, they vary widely in their IS fingerprint. Furthermore, indicators of phylogenetic relationships are evident in the many fixed or nearly fixed, presumably ancestral, bands seen in other strains but not present in strain 22 when probed with IS4. In comparison, IS2 resolves fewer ancestral bands yet distinguishes small groups of strains, in particular the groups of strains 21 and 24, and strains 15, 16, and 11.
The lane order was determined by preliminary examination of the pattern of bands seen on Southern blots of gels run under conventional conditions and probed with IS4. Strains appearing to be similar were subsequently run in adjacent lanes. Preliminary blots, probed with each element, also aided in the assignment of shared bands and in the identification of weakly hybridizing bands. The length of the final gel not only aided in the resolution of suspected doublets but also reduced the chance that fragments of similar but unequal size would be mismarked as identical characters, since > 80% of the bands involved sequences < 10 kb in length. Each hybridizing band present because of the EcoRI-Sal1 double digest presumably represented a single element, as quadruple digests using the additional endonucleases Hind111 and S&I did not generate any additional bands. All sites due to genomic elements were used in the analysis, except for an average of 27.5% of the ISI-bearing fragments, predominantly those in the high-molecular-weight (> 15-kb) range, which were excluded because of uncertainties in the identification of shared bands. The results of the Southern blotting are presented in table 1 (the complete data set appears in the Appendix). Although the abundance of IS elements in this group is significantly higher than that in other strains surveyed (Calos and Miller 1980; Hu 
Weakly Hybridizing Bands
A small minority (2.0%) of the sites were weakly hybridizing bands present when filters were probed with IS2, IS4, and IS30. The probability that these sites were due to partial digestion of the DNA was minimized by including in the analysis only those sites occurring repeatedly over several different filters. Possible explanations of these sites include partial deletion of the element probed and reduced homology with the probe sequence. The homology explanation was elsewhere suggested for bands hybridizing weakly with IS5 (Schoner and Schoner 198 1; Green et al. 1984) , an explanation, that, if true in this case, implies the existence of sequences closely related to IS2, IS4, and IS30 Included are location and date of isolation (Be1 = Belgium; BRI = Bristol, England; FIN = Finland; GE0 = Georgia, United States; SWE = Sweden; USA = United States) and strain numbers (after Achtman et al. 1983 ). The total length of the tree is 509 changes, with a consistency index of 0.495. Branch lengths are proportional to the number of changes. Numbers at nodes are confidence intervals, as calculated by bootstrapping (see text). We dismiss nodes below a 60% appearance rate. Above this level, alternative configurations appear ~5% of the time.
Reference Strains
As described, the major study group consisted of strains identical with respect to serotype, outer-membrane protein pattern, and enzymatic haplotype (Ochman and Selander 1984a) . Strains differing from these phenotypes (the four reference strains described) were also examined with respect to their IS distribution. None of the strains examined shared any IS-bearing fragments with the experimental strains or each other (data not shown). With these methods no phylogenetic inferences could be made relating these phenotypically variant clonal groups. Figure 2 shows the phylogeny of the strains, as calculated by PAUP, with the branch lengths indicating number of changes. Included are the dates and sites of strain isolation. The consistency index of the most-parsimonious tree was 0.495 (Kluge and Farris 1969) . A low consistency index was expected, since the characters are mobile elements, with character-state reversal an observed phenomenon. The ACGTRAN op timization parameter was used in conjunction with the hypothetical ancestor to minimize the ratio of parallelisms to deletions, in order to reflect the relative rarity, compared with element deletion, of transposition into identical restriction fragments. The hypothetical ancestral genome contained none of the sites used in the analysis. These parameters approximate the assumptions of Do110 parsimony as described by Farris ( 1977). Under Do110 parsimony, complex characteristics are difficult to gain yet are easily lost. This algorithm-rather than a Wagner or Camin-Sokal method, each of which varies in these parameters-was chosen to best approximate to biology of transposable elements (see Felsenstein 1982) .
Phylogeny of the Clonal Group
Confidence Intervals
A confidence interval for the final topology was derived by bootstrapping the data by using a modification of the method of Felsenstein (1985, and personal communication) . The confidence intervals were not utilized for rigorous statistical testing but rather as a heuristic measure of robustness. A set of n -1 characters was sampled with replacement 100 times and was analyzed using PAUP, run under identical optimization parameters. A node was scored as retained if most of the strains originally set off by that node were present in the bootstrapped tree, with a minimum inclusion of foreign strains. Each bootstrap repetition contributed equally to this percentage. Within each repetition, each most parsimonious tree was weighted equally.
These data are presented in figure 2. In the nodes rejected, the most parsimonious configuration appeared ~60% of the time, while single alternative configurations appeared >5% of the time. Retained nodes were present 260% of the time, and, for the most part, no single alternative configuration appeared >5% of the time. When the data were analyzed using the unweighted-pair-group method of analysis (UPGMA) genetic-distance approach (Nei 1987, pp. 208-253) , not originally utilized because of violations of some assumptions, six nodes -29, 33, 36, 48, 56, and 67, only one of which was accepted in the bootstrapped phylogeny-were absent from the UPGMA phylogeny. This leads us to believe that the maximum parsimony tree and its sign&ant nodes are not simply an artifact of the tree-generating program. Table 2 summarizes distribution of IS elements in those strains set off by node 62 (the close group in table 1). The ratio of ancestral (i.e., arising prior to node 62) to more recent (i.e., unique to one strain in this gruup) IS elements in these strains defines an essentially continuous spectrum of IS-element mobilities in this set of strains. IS2 and IS5 appear to possess greater proportions of recent characters, while ISI and IS4 possess greater proportions of ancestral characters. IS30 is unusual in that an overwhelming percentage of its sites are ancestral. These data, best collected by a phylogenetic method such as this, are not only affected by the time of invasion of the lineages with IS elements but also by the possibility of multiple invasion, by the small and nonrandom sample of strains, position and strength of regulation.
Transposition Rates
as well as by the trade-off between rate of trans-
Protein Electrophoresis
The phylogeny presented in figure 2 gave rise to uncertainties regarding the purity of our stocks of strains 1 and 22. To ensure the identity of these isolates, protein electrophoresis was carried out on strains 1 and 22 and on representative samples from the remainder of the group (2, 6, 16, and 24). Among eight enzymes (ACO, ADK, ADH, AP, G6PD, 6PGD, MDH, and MPI), our methods of electrophoresis revealed a previously unreported allele at the ADH locus in strain 1 and a variant allele at the previously untested AP locus in strain 22. Otherwise, all alleles were as reported by Ochman and Selander (1984~~) .
Discussion
The tree presented in figure 2 supports the theory that the number and location of IS elements in the bacterial genome evolve so rapidly that the phylogenetic relationships among closely related strains can be inferred. The level of resolution achieved by the IS fingerprinting may be useful in distinguishing among closely related clinical isolates, for example, those from recurrent urinary-tract infections. However, since IS fingerprints change so rapidly, as evidenced by the highly divergent fingerprints of the reference strains, only closely related strains can be examined for phylogenetic relationships. Some groups of strains that are indistinguishable by standard microbiological or electrophoretic procedures may prove to be too divergent to be characterized in terms of phylogeny using typical IS elements.
The tree also shows little correlation between branching pattern and the geographic site of isolation. Notable examples are the separation of the Swedish strains 25 and 26 and the grouping of the geographically distinct strains 13, 2, and 3. To test the significance of the nonclustering of strains isolated in geographic proximity, J. Felsenstein has suggested that the trees generated during the bootstrap analysis be examined (using our relaxed standards) for the presence of monophyletic groups consisting of geographically related strains. In a test for the presence of strains from the United States (1 and 2), Sweden (25 and 26), 8, and 9), 8, 9, 25, and 26), and Bristol, England ( 10, 11, [13] [14] [15] [16] [17] [18] [19] as monophyletic groups, none appeared in any bootstrap tree.
It has been suggested that the migration rates of E. cob are quite large (Hart1 and Dykhuizen 1984), as evidenced by the relatively small geographical component of electrophoretic variation found in E. coli worldwide. While significant disequilibrium of enzyme electrotypes was found at the dilocus level, geographic variation accounted for only 2% of the diversity at the single-locus level (Whittam et al. 1984) . And while clines in genetic variation in E. coli follow clines in social contact of their human hosts, as seen in studies of human families (Caugant et al. 1984) and South American Indian tribes (Neel 1978) , this analysis of phenotypically identical strains implies a great deal of strain migration.
Although the phylogeny was moderately robust, most strains included a small number of IS-bearing fragments that were shared with a random scattering of strains not found to be closely related, as defined by the majority of the data. PAUP interpreted these fragments as being gained in parallel by unrelated strains, following its parsimony algorithm. This treatment is justified in part by the finding that among the 36 leastconsistent characters (those with consistency indices ~0.250) sorted for fragment size, 72.2% were located in the upper half of the molecular-weight range (P < 0.01). This is the range in which the error of mistaking different bands as identical is most likely. Moreover, when PAUP was rerun excluding portions of the higher-molecular-weight fragments (the heaviest 5%, lo%, and 25% of the characters), the consistencies of the trees were significantly greater (0.426) than those of trees generated upon alternate exclusions of lower-molecular-weight fragments (0.395). This analysis was most significant upon such treatment of the ISI data, possibly because of its extremely high copy number.
However, we cannot exclude the possibility that certain genomic hot spots of insertion, such as those observed for IS30 in prophage Pl and the R plasmid NRLBase1 (Caspers et al. 1984) and for IS1 in pBR322 (Gamas et al. 1987) , convergently gain elements at an unexpectedly rapid rate. Nor can we exclude deletion of particular elements from the majority of the strains, as might be expected if the insertions themselves were deleterious and natural selection favored strains that had undergone deletion. High rates of deletions have been reported for miniinsertions IS6 and IS7 even in the absence of selection pressures (Ghosal and Saedler 1977) . Figure 2 shows that strain 22 does not branch prior to strain 1, even though strain 22 exhibits several enzyme electromorphs not shared with the other members of the group. Biotypic data of Achtman et al. (1983) show that strain 22, though variant in its enzymatic profile, is more related to the remainder of the study group than most of the reference strains (see Ochman and Selander 1984a) , which were also analyzed for distribution of IS elements. However, strain 1 was isolated around 1900, and peculiarities in its IS fingerprint might be artifacts of deletion/transposition during storage (e.g., Green et al. 1984) . The multiple genetic differences in strain 22 might result from a recombinational event that introduced into the clonal background a segment of DNA containing the variant alleles. Alternatively, a segment from the clonal genotype containing IS elements as well as uncommon enzyme electromorphs might have been introduced into a foreign background. Since genes for the enzymes for which strain 22 possesses rare alleles-i.e., enzymes 6PGD, GOT, PGI, and ADH (AC0 was not mapped)-do not lie close enough to each other on the E. coli chromosome to be transmitted in a single recombinational event, the second possibility seems more likely.
The data also show peculiarities in the distribution of IS elements in strain 25. Although 38 IS-bearing fragments support its relationship with strains 21 and 24 as an early outgroup, it possesses 17 fragments in common with the remainder of the study group. This distribution of elements could be produced by a single recombinational event between an ancestor of strain 25 and a sister 01 :Kl strain, an event that would transfer to strain 25 a significant number of elements in common with the main body of isolates-but a number yet not sufficient to overwhelm the number of characters relating it to strains 2 1 and 24. Data of Achtman et al. show several variant biotypes possessed by strains 17, 23, and 25. No other significant clusterings were observed among the experimental strains. When our data were analyzed after deletion of strains 2 1 and 24, PAUP determined that strain 25 was most closely related to the clade of strains 17, 23, 13, 2, and 3. No other changes were made in the original topology. When the alternative deletions were made of strain 25 and a sister outgroup strain (strain 21 or 24), no such change was observed.
To analyze further the clustering of these strains, the previously described test suggested by Felsenstein was applied, and the monophyly of strains 2, 3, 13, 17, 23, and 25 was tested. This group was absent from 77% of the bootstrap trees. Strain 25
